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Abstract
Turbidite channel systems are a common target in
exploring for petroleum reservoirs though their internal
architectures can be highly varied. To investigate chan-
nel architectures in turbidite systems, the spectacularly-
exposed, Ainsa II channel in the Spanish Pyrenees is
used to generate forward synthetic seismic 2D sections.
Three parameters are varied independently: input model
detail, seismic impedance contrast, and dominant wave-
let frequency. Representative seismic velocity and rock
density values are taken from published reservoir data
for observed lithologies. The three petroleum reservoir
scenarios investigated are: a Plio-Pleistocene Gulf of
Mexico reservoir and Tertiary and Jurassic UK North
Sea reservoirs. Four Ricker wavelet dominant frequen-
cies are chosen to generate the seismic models: 26, 52,
78 and 104 Hz. 
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Results show that 2D synthetic seismic images
generated from the low frequency wavelets (26 Hz) do
not resolve the important heterogeneities within the
channel complex. At 52 Hz, frequencies that are typi-
cally used for the interpretation of shallow-level,
Tertiary targets, an improved seismic resolution of the
input model can be achieved, suggesting that the target
interval consists of stacked channels, although not all
channel units are resolved. At 78 Hz, which is typical of
high-frequency seismic acquisition and processing, an
interpretation close to the input geological model can
be achieved. At 104 Hz, the excellent seismic resolution
can be interpreted to reproduce the input model. The
results also show that differing impedance contrast val-
ues have little effect on the geological interpretation at
the high signal/noise ratios used, although impedance
values from the UK North Sea Jurassic reservoir analog
yield the highest amplitudes in the synthetic sections.
Introduction
Deep-water turbidite channels are of common
interest in hydrocarbon exploration; however, internal
architectures and overall net/gross can be hard to
resolve in typical seismic datasets. Channel-fill may
range from high net/gross, back-stepping sheet-like
geometries, multiple channel re-incisions to mass-trans-
port complexes, or passive infill. Seismic data are
heavily relied upon for such interpretations but in real-
ity may not adequately resolve these internal
geometries. In these circumstances outcrop analogs can
provide appropriate-scale examples of intra-channel
geometric relationships and aid the understanding of
what the seismic expression may be. Interpreting the
complexity of this scale of sandstone architecture will
be crucial in predicting fluid flow behavior in analo-
gous subsurface reservoirs. Forward seismic modelings
of large-scale, outcrop exposures have been created (see
Batzle and Gardner, 2000; Coleman et al., 2000;
Schwab et al., 2007) to show geophysicists how much
high-resolution outcrop data is imaged in seismic data
of comparable reservoir intervals. The Ainsa II channel
is one such seismic-scale outcrop exposure. 
The Ainsa II channel within the Campodarbe
Group in northern Spain is a spectacular exposure of
slope conduits. The channel complex consists of five
stacked channel units, is characterized by distinct inter-
nal architectures (documented by Clark, 1995), and can
be usefully converted to a synthetic seismic section.
The exposure has been field investigated, interpreted,
digitized, and modeled to generate both typical and
high-frequency seismic 2D sections, using typical res-
ervoir lithology density and velocity values in order to
investigate the effect that different rock properties and
seismic frequencies have on seismic resolution of the
geological detail in the channel complex. 
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Regional geological context
The Eocene Hecho Group crops out in the south-
ern area of the Central Pyrenees, and makes up a
portion of the depositional fill of the Tremp-Pamplona
basin; a foreland basin trending axially along the south
side of the Pyrenees (Fig. 1). The Hecho Group type
area is around Jaca (Fig.1), and is also equivalent to the
Alveoline to Campodarbe Groups. A regional strati-
graphic framework, based on unconformity-bounded
stratal units, has been proposed by Mutti et al., 1989
(Fig. 2). The Upper Campodarbe Group is character-
ized by well developed, deep-water channel-levee
complexes, typified as Type II or Type III systems
(sensu Mutti and Normark, 1987). These turbidite sys-
tems are volumetrically less significant than the older
Type I systems (ibid), which form extensive lobe depos-
its in the central sector of the basin. The Ainsa turbidite
system has two main sandy channel-fill complexes: the
lower Ainsa I and the upper Ainsa II channel
complexes.
The main structural elements that can be seen on
the paleogeographic map (Fig. 3) include east-west ori-
entated thrusts (in the northern part of this area) and
two major north-south orientated anticlines; the Boltaña
and Mediano anticlines. Paleo-environmental studies
show how the transition from shallow marine sand-
stones in the east to deep-water basin sediments in the
west occurs via a mudstone-dominated slope environ-
ment incised with sandstone-filled canyons and
channels. Large-scale erosional features of the shelf-
edge region are developed along the boundary between
the eastern and central sectors of the basin as well as
along part of the southern margin (Fig. 2). Prominent
sand-rich channel-bodies are clearly visible and are col-
ored in orange in Figure 3 with the white color being
background shale intervals.
The Ainsa II channel setting
The Ainsa II channel is well studied within the
Campodarbe Group (e.g., Clark, 1995; Pickering and
Corregidor, 2000; Pringle et al, 2001, Larue et al, 2004;
Schwab et al, 2007). The Eocene Campodarbe Group
crops out in the southern part of the Central Pyrenees.
In the central sector of the Tremp-Pamplona basin, near
the town of Ainsa, the Campodarbe Group consists of
fine-grained, submarine slope sediments (characterized
by mud-rich mass-failure deposits) and coarse-grained,
deep-marine sand-rich channel and scour-fill deposits.
One of the largest exposures of these slope conduits is
the Ainsa II channel complex. The channel complex
consists of five stacked channel units, each of which is
characterized by a distinctive internal architecture
(Clark, 1995). 
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Methodology
Forward seismic modeling (also known as syn-
thetic seismic) in this study involves the collation of
outcrop data in the form of large-scale photomontages
which are then interpreted by a geoscientist to produce
a detailed, 2D architectural interpretation of the outcrop
exposure (Fig. 4). The initial 2D interpretation is then
validated by field ground-truth investigations and
detailed sedimentary outcrop logs that also provide
high-resolution, 1D data. The detailed architectural
interpretation is then fed into special software that con-
volves the model into a seismic section, using user-
input, seismic impedance contrasts between different
lithologies, and choice of the dominant seismic wavelet
frequency. Seismic impedance contrast can then be cal-
culated using published velocity and density values for
the different lithological types in the selected section,
and allows the geoscientist to vary the rock values to
simulate the petroleum reservoir they are interested in.
The geoscientist can also vary the frequency to simulate
the depth and/or quality of seismic available to them.
Overburden can also be added to simulate real-world
situations.
Field correlation/interpretation
A total of fourteen channel systems have been
identified in the Ainsa basin (Clark, 1995) and are sum-
marized in Figure 5. A study of the Ainsa II complex
has made possible a detailed interpretation of the sedi-
mentological aspects of the channel complex, both as a
whole and as individual channels; the section is shown
with five times vertical exaggeration in Figure 6 (cf Fig.
4). The dominant paleoflow is northwest to west-north-
west, thus the exposure is an oblique section of the
channel intervals. The major erosive down-cutting sur-
faces show lateral shifting of channelized intervals to
the south, here numbering five. Lateral accretion fea-
tures can be seen in channel 1, and the base of channel
2. Channel 3 also shows thalweg deposits. Channel
margin onlap relationships can be seen clearly in chan-
nel 4, and the steep arcuate margin of channel 5 has
been interpreted as a rotational slide or slump scar
element.
From the detailed bed correlation shown in
Figure 6 and combined with the photomontage interpre-
tation shown in Figure 4, a generalized sedimentary
input model of the Ainsa II complex was constructed
(Fig. 7); Pringle, 2003. The described facies have been
grouped into four types: (i) massive sandstone units
(and minor discontinuous shales) that were typically
1m thick; (ii) medium-bedded sandstones (typically 0.5
m thick); (iii) shales predominantly shale and thin (typ-
ically 0.1 m) sandstones and; (iv) shale intervals.
Acoustic rock-properties (Fig. 8) have been assigned to
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each of the facies groups, and used for the construction
of the synthetic seismic images.
Modeling strategy 
The Ainsa II channel complex is a large-scale
outcrop example of stacked channel units. Interpreting
the architecture of the stacked channels may be crucial
in characterizing analogous reservoirs. The question is,
therefore, "how much of the channel architecture could
be resolved in typical seismic datasets?" The inter-
preted 2D sedimentary section has therefore been
digitized and used as the input model to generate vari-
ous forward synthetic seismic 2D images using the
GMAplus STRUCT1 software program. Positive
impedance values are shown as peak (red) colors, while
negative impedance values are shown as trough (blue)
colors. Rock properties of the four facies groups have
been taken from analogous units in reservoirs from the
Gulf of Mexico and UK North Sea for comparative pur-
poses. Three sets of parameters have been varied: the
seismic impedance contrast, the resolution that could be
seen from the input sedimentary model, and different
dominant wavelet frequencies (from 26 to 104 Hz).
Seismic impedance contrast 
Typical velocity and density values were taken
from published data for: (i) massive sandstone units
(and minor discontinuous shales); (ii) medium-bedded,
sandstones and shales; (iii) predominantly shale and
thin sandstones and lastly; (iv) shale intervals. As the
aim was to simulate conventional seismic information
through reservoirs with comparable seismic impedance
values, velocity values from three producing reservoirs
were used. The three producing reservoirs were the For-
ties Field, a Tertiary North Sea (UKCS) reservoir; the
Magnus Field, a Jurassic, North Sea (UKCS) reservoir;
and the Mars Field, a Plio-Pleistocene, Gulf of Mexico
reservoir. Values for the three reservoirs were obtained
from published data from Jager et al. (1997), Partington
et al. (1993), and Chapin et al. (1996), respectively;
these values are detailed in Figure 8. 
Resolution of the sedimentary model 
The channel complex model incorporates differ-
ent scales of sedimentary complexity which is used to
test how much can be resolved from the different fre-
quency, synthetic seismic 2D images. Future work
could include forward modeling the synthetic seismic
output and comparing it with the sedimentary input
model.1.  Now GeographiX™
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Wavelet frequency 
Four dominant Ricker wavelet frequencies were
chosen for this study: 26 Hz wavelet, typical of seismic
datasets from deeper buried reservoirs; 52 Hz wavelet,
typical of industry higher frequency shallow seismic
datasets; 78 Hz wavelet, selected as current, cutting-
edge seismic acquisition; and 104 Hz wavelet, some-
times acquired for investigating the near-surface
placement of oil rigs. The GMAplus STRUCT™ soft-
ware program displays both the seismic image and the
seismic traces overlain on the time-converted seismic
model. Traces are spaced at 12.5 m, equivalent to typi-
cal inline seismic section. Vertical incidence, zero-
offset rays were chosen to avoid the complexities of dip
move-out and migration, which commonly occur in
standard, seismic Common Mid-Point (CMP) data.
Results
Synthetic Seismic Images generated by GMA-
plus STRUCT™ are now detailed. Note that the images
have been compressed laterally and exaggerated hori-
zontally to assist the potential seismic interpreter,
consistent with present high-resolution seismic studies
which is advocated and justified from these results to
gain sub-seismic resolution.
Low Resolution Seismic Images (26 Hz) are
shown in Figures 9-11. The lowest frequency wavelets
chosen (26 Hz) typically are used for imaging deep res-
ervoir targets, such as the Jurassic turbidite reservoirs in
the North Sea. For all three reservoir scenarios, an extra
broad positive amplitude reflection event is present in
the middle part of the section, compared to the back-
ground values, with the slumped interval to the left of
the section unimaged. The acoustic rock properties
from the three different reservoirs do, however, show
subtle differences. The lowest impedance contrast
between heterogeneities within the channel complex
comes from the Jurassic North Sea analog. At the low
resolution seismic frequency, the thickening of the top
reflector and the slump scar feature would indicate the
likely presence of complex reservoir architecture. The
acoustic properties used from the two Tertiary ana-
logues show a greater impedance contrast between
intra-channel complex units, and the seismic images
suggest a clearer lens-like shape to the reservoir.
High Resolution Seismic Images (52 Hz) are
shown in Figures 9-11. Higher frequencies (e.g. 52 Hz)
are commonly used for imaging higher level reservoir
targets. Using this frequency, a greater amount of reser-
voir architecture can be interpreted. As well as the
obvious positive amplitude event in the middle part of
the section, some heterogeneities are resolved at this
interval. The image suggests there are at least three
compartments to the channel complex: one correspond-
ing to channel units 1, 2, and 3; one to channel unit 4;
and one to the slump scar and infill, channel unit 5.
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Very High Resolution Seismic Images (78 Hz)
are shown in Figures 9-11. Current shallow level, seis-
mic targets are imaged up to 78 Hz, the third frequency
chosen to generate seismic sections. Some additional
internal channel heterogeneity can be resolved using
this frequency, especially channels 2-4, and channel 4 is
successfully resolved. The geophysical interpretation
using this frequency data would be close to the digitized
input sedimentary model.
Possible future seismic resolution Images (104
Hz) are also shown in Figures 9-11. With this level of
seismic resolution, a geophysical interpretation of the
seismic section could be close to the input sedimentary
model. In the next decade or so, frequencies as high as
100 Hz may be used.
The differing impedance values for the three cho-
sen reservoir examples had little effect on the
interpretation at the high signal/noise ratios used.
Although some of the internal sedimentary architecture
is resolved, the impedance values from the Jurassic
North Sea reservoir analog yield the highest amplitudes
from the generated synthetic sections.
Discussion
The results detailed above suggest that outcrops
of turbidite channel complexes may be utilized for gen-
erating synthetic seismic images that can then be used
as analogs. A 2D synthetic seismic section generated
from a low frequency (26 Hz) wavelet would most
probably give a geophysical interpretation that would
miss the sedimentary heterogeneity likely present
within a turbidite channel-complex and crucial for
determining barriers to fluid flow. These low frequen-
cies are those typically used in deep Jurassic targets in
the North Sea. Using a 52 Hz frequency however, typi-
cally found in shallow level Tertiary targets, a much
improved geophysical interpretation could be achieved
that would resolve the major architectural elements of a
stacked, channel sequence. However, the relatively thin
intervals that could potentially form the barriers to fluid
flow would not be imaged. The nature of channel stack-
ing, erosional contacts or mud drapes would, most
likely, not be imaged at this frequency. At 78 Hz, which
is typical of high frequency seismic acquisition/pro-
cessing, a geophysical interpretation close to the actual
input sedimentary model could be achieved. 
From these results, future improvements in seis-
mic resolution would be extremely valuable for the
interpretation of analogous channel-complex reservoirs.
Further work should generate fully 3D cubes to be rele-
vant to modern, seismic industry data and be re-run
with differing quantities of fluids to be more realistic.
Overburden should also be added to make the seismic
models more comparable to producing reservoirs. For-
ward modeling of the synthetic seismic images could
also be undertaken to compare and contrast the similar-
ities between the synthetic geology and the original
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geological interpretation that was the basis of the input
model. 
Conclusion
Spectacularly exposed, large-scale outcrops can
be forward seismic modeled to compare the high reso-
lution of geo-scientific data from outcrops to the
relatively lower resolution from seismic data. Seismic
model sections generated from typical low frequency
wavelets will not be able to resolve the typical sedimen-
tary complexity observed in channel outcrop exposures
that may be crucial for potential hydrocarbon recovery.
The generated, high-frequency sections allow interpre-
tations that almost replicate the input sedimentary
models.
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Figure 1. Map showing the main structural elements and palaeogeographic sectors of the Eocene Tremp-Pamplona
Basin (from Mutti et al., 1989).
Pamplona
Tremp
Spain
A X I A L
Z O N EPamplona
Jaca
Ainsa
BA
MA
FORADADA
FAULT
COTIELLA
LATERAL RAMP
AGER GULF
MONTE PERDIDONAPPE
COTIELLA  NAPPE
TREMP
EMBAYMENT
MONTSEC
FRONTAL RAMP
Ager
Tremp
Eastern Sector
Central Sector
Western Sector
N
0 10 20 30 40 50 km
BA - Boltana Anticline
MA - Mediano Anticline
Pringle et al. 11 ?
Figure 2. Paleoenvironments of the Central Sector of the Tremp-Pamplona Basin (after Mutti et al., 1989).
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Figure 3. Stratigraphic sketch of the Eocene in the Tremp-Pamplonia basin. The Ainsa channel complex is found in the
Upper Campodarbe Group systems (from Mutti et al, 1989).
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Figure 4. Photomontage and interpretation of the Ainsa II channel complex viewed from across the Rio Cinca. Sedi-
mentary logs through the section are shown in red labeled 1 - 14. The lateral southward shifting of channel bodies can
be clearly seen in the photomontage. 
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Figure 5. Restored section of the Ainsa basin (based on interpretation from an aerial photograph) showing the vertical
distribution of the channel-levee complexes. Paleocurrent arrows are orientated with respect to the orientation of the
section (SSW-NNE), i.e., vertical arrows indicate paleocurrent directions are towards the west-northwest (Clark,
1995). Regional unconformities are those mapped by Mutti et al., 1989.
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Figure 6. Bed correlation of the Ainsa II channel showing the five stacked channel elements numbered 1-5 (adapted
from Clark, 1995). See Figure 4 for log locations.
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Figure 7. Sedimentary interpretation of the Ainsa II channel complex from a combination of photomontage interpreta-
tion, sedimentary log correlations, and walking-out of key stratigraphic surfaces.
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Figure 8. Seismic parameters used in this study.
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Figure 9. Plio-Pleistocene, Gulf of Mexico analog output from GMAplus STRUCT™ software showing 26 Hz, 52 Hz,
78, and 104 Hz frequencies, with both B-W-R color impedance and wiggle trace wavelets respectively (see text for
description and discussion). Note wavelet sections have the input model shown behind as solid colors.
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Figure 10. Jurassic, UK North Sea analogue output from GMAplus STRUCT™ software showing 26 Hz, 52 Hz, 78,
and 104 Hz frequencies, with both B-W-R color impedance and wiggle trace wavelets respectively (see text for descrip-
tion and discussion). Note wavelet sections have input model shown behind as solid colors.
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Figure 11. Tertiary, UK North Sea analogue output from GMAplus STRUCT™ showing 26 Hz, 52 Hz, 78, and 104 Hz
frequencies, with both B-W-R color impedance and wiggle trace wavelets respectively (see text for description and dis-
cussion). Note wavelet sections have input model shown behind as solid colors.
